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Single-spin azimuthal asymmetry in exclusive electroproduction of mesons 
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A single-spin asymmetry in the distribution of exclusively produced tt'*' mesons azimuthally around 
the virtual photon direction relative to the lepton scattering plane has been measured for the first 
time in deep-inelastic scattering of positrons off longitudinally polarized protons. Integrated over 
the experimental acceptance, the sin (j> moment of the polarization asymmetry of the cross section is 
measured to be —0.18±0.05 (stat.) ±0.02 (syst.). The asymmetry is also studied as a function of the 
relevant kinematic variables, and its magnitude is found to grow with decreasing x and increasing —t 
and vanish at t ^ tmin (where x is the Bjorken scaling variable and t is the squared four-momentum 
transferred to the nucleon). 

PACS numbers: 13.60.-r, 13.60.Le, 13.85.Fb, 13.88.±e 


The interest in hard exclusive processes has grown 
since a QCD factorization theorem was proved for the 
hard exclusive production of mesons by longitudinal vir¬ 
tual photons (helicity 0) Q. The Generalized Parton 
Distribution functions (GPDs) ^ appearing in this 
factorization scheme are of great interest because they 
can be related to parton angular momentum distribution 
functions that are not directly constrained or inaccessible 
through semi-inclusive or inclusive measurements ii- 

While unpolarized GPDs (typically designated as E 
and H) can be probed through exclusive vector meson 
production, polarized GPDs (typically designated as E 
and H) can be probed through exclusive pseudoscalar 
meson production without the need for a polarized tar¬ 
get or beam. However, only a quadratic combination of 
GPDs appears in the unpolarized cross section for ex¬ 
clusive meson electroproduction, and so several indepen¬ 
dent observables are needed to disentangle the various 
distributions . Additional observables can be accessed 
through the measurement of the polarized cross section. 
For example, it has been predicted Q] that for the ex¬ 
clusive production of ir'^ mesons from a transversely po¬ 
larized target by longitudinal virtual photons, the inter¬ 
ference between the pseudoscalar (E) and pseudovector 
{H) amplitudes leads to a large target-related single-spin 
asymmetry in the distribution of the angle (j). Here (j) is 
the azimuthal angle of the pion around the virtual photon 
momentum relative to the lepton scattering plane. The 
predicted asymmetry is of order unity. Moreover, the 
scaling region of this asymmetry (where corrections pro¬ 
portional to powers of 1/Q are small) is reached at lower 
of the virtual photon than for the absolute cross sec¬ 
tion 1^ . It has also been shown that corrections that are 
next-to-leading order (NLO) in cancel in the trans¬ 
verse asymmetry |^. No factorization theorem has been 
proved for transverse virtual photons (helicity ±1) , but 
their contribution to the cross section is predicted to be 
suppressed by at least a power of l/Q 0. 

In the case of electroproduction from a target polarized 
longitudinally with respect to the lepton beam momen¬ 
tum, a small transverse component (5 '_l) of the target 
polarization orthogonal to the virtual photon direction 
does appear, along with the dominant longitudinal com¬ 


ponent The polarized cross section (as) for this 


reaction has the form [110, 11 


as ~ [S±ac + Siiacr] ^ul'^ sin^ , (1) 


where is the sin moment of the polarization asym¬ 
metry. The subscripts U and L indicate the use of an un¬ 
polarized beam and longitudinally polarized target, re¬ 
spectively. Equation (j^) shows that in the case of a lon¬ 
gitudinally polarized target an additional term appears 
which contains the interference of longitudinal {£) and 
transverse (T) virtual photon amplitudes. Since a fac¬ 
torization theorem was not proved yet for transverse vir¬ 
tual photons quantitative predictions for this term would 
require a calculation in next-to-leading twist . 

This letter reports on the first measurement of a single¬ 
spin asymmetry in the exclusive reaction e"*" ± p —> 
e'^ ± n ± 7r+. The relevant kinematic variables of 
this process in the target rest frame are the space-like 
squared four-momentum —Q^ of the exchanged virtual 
photon with energy v, the squared four-momentum t 
transferred to the nucleon, the Bjorken scaling variable 
X = /2Mv, where M is the proton mass, and the az¬ 

imuthal angle (j) described above. The sign of (j) is given 
by (e+ X 6'*+) • 7r+/|(e+ x e'+j • 7r+|. 

The data were collected in 1997 using a longitudi¬ 
nally polarized hydrogen gas target in the 27.6 GeV 
HERA positron storage ring at DESY. While the lepton 
beam was usually polarized oppositely to its direction, 
a small data sample taken with parallel beam polariza¬ 
tion has shown that the measured asymmetry is indepen¬ 
dent of the lepton beam polarization. The average tar¬ 
get polarization was 0.88 with a fractional uncertainty 
of 5% 1^. The scattered positron and the produced 
hadron were detected by the HERMES spectrometer . 
Positrons were distinguished from hadrons with an aver¬ 
age efficiency of 99% and a hadron contamination of less 
than 1% using the information from an electromagnetic 
calorimeter, a transition radiation detector, a preshower 
scintillator detector, and a threshold Cerenkov detector. 
The kinematic requirements imposed on the scattered 
positrons were > \ GeV^, 0.02 < a; < 0.8 and an 
invariant mass squared of the initial photon-nucleon sys¬ 
tem > 4 GeV^. 
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The recoiling neutron was not detected, and so ex¬ 
clusive production of mesons was selected by requiring 
that the missing mass (Mx) of the reaction e’*' -I-p —> 
e''*' + + X corresponded to the nucleon mass. The 

missing mass distribution for 7r+ is shown in Fig. (filled 
circles), for the pion momentum range from 4.9 to 14.0 
GeV. These cuts on the pion’s momentum serve only to 
restrict to a kinematic region in which the Cerenkov de¬ 
tector provides pion identification, and were not used in 
any other part of the analysis. A large number of events 
is observed in the missing mass region around the nu¬ 
cleon mass. However, from the tt'*" missing mass distri¬ 
bution alone, it is not possible to separate the exclusive 
channel e’*' -I- p —> e''^ + 7r+ -|- n from the neighboring 
(defined as non-exclusive) channels 7r+ -|- A°, 7r+ -|- (TVtt) 
and Tr’*' -|- ( Atttt) , which can be smeared into the tt’’' -|- n 
region due to the limited experimental resolution. The 
histogram which is represented by a solid line in Fig. 
is an arbitrarily normalized Monte Carlo simulation of 
the detector response to exclusive 7r+ generated accord¬ 
ing to the predictions of refs, (l^ |l^ for the HERMES 
kinematics. It yields an experimental Mx resolution for 
the exclusive 7r+ channel of about 230 MeV, which is 
larger than the separation from the non-exclusive chan¬ 
nels mentioned before. The latter ones are also present 
in the e’*' -I- p ^ -I- 7r“ -|- X process and are shown 

in Fig. w as empty circles, while exclusive tt produc¬ 
tion with a nucleon in the hnal state is forbidden by 
charge conservation. As for 7r+, also non-exclusive tt~ 
events are smeared into the exclusive region. Therefore, 
the non-exclusive tt’’' background was estimated from the 
normalized number of 7r“ passing the same cuts as the 
7r+ and found in the same exclusive missing mass region. 

In Fig. Qd, the difference between the 7r+ and tt~ miss¬ 
ing mass distributions is shown, after normalizing the in¬ 
tegral of the TT~ distribution with respect to the 7r+ one in 
the range 1.3 < Mx < 2.0 GeV. This interval sees strong 
contributions from non-exclusive background from both 
resonant (7r+ -|- A°) and non-resonant (7r+ -|- (Ntt) and 
7r+-|-(A7r7r)) channels. The resulting background normal¬ 
ization factor is about 1.6, with a systematic uncertainty 
of 13%. The systematic uncertainty was estimated by us¬ 
ing different normalization regions i.e. 1.2 < Mx < 1-5 
GeV and 2.0 < Mx < 2.5 GeV. The difference between 
the 7r+ and 7r“ missing mass distributions shows a clear 
peak centered at the nucleon mass. The curve in Fig. ^ 
is a Gaussian fit to the data. The dehcit seen in the 
distribution at Mx ~ 1.2 — 1.6 GeV is due to a dif¬ 
ference in the relative contribution of the resonant and 
non-resonant channels to the 7r+ and 7r“ yields. 

The (j) dependence of the polarized cross section ap¬ 
pears in the cross section asymmetry for exclusively pro¬ 
duced 7r+, which is defined by 


1 jVj(^)-Ai(^) 
1^1 Vj((/)) +Ai (</>)■ 


( 2 ) 


Here Vg represents the yield of exclusive 7r+, the su¬ 
perscript "f (J,) denotes a target polarization direction 



FIG. 1: a) Missing mass distribution for (filled circles) 
and 7r“ (empty circles) electroproduction at HERMES. The 
histogram is a Monte Carlo prediction for exclusive pro¬ 
duction with arbitrary normalization, b) Difference between 
the 7r+ and normalized ti~ distributions (see text). The curve 
is a Gaussian fit to the data for 0.4 < Mx < 1.2 GeV. The 
vertical dotted line indicates the nucleon mass. The error bars 
represent the statistical uncertainties. 


anti-parallel (parallel) to the positron beam momentum, 
and S is the degree of polarization of the target pro¬ 
tons. All the tracks identified as hadrons were assumed 
to be pions, as the requirement that the missing mass 
corresponds to the nucleon mass removes all the hadrons 
heavier than the pion from the data sample. An analy¬ 
sis requiring pion identification by the Gerenkov detector 
was performed and gave similar results but with reduced 
statistics. 

To evaluate the asymmetry defined by equation i),a 
background correction has been applied. The total num¬ 
ber of events N{(j)) in each bin is the sum of exclusive 
events Ne{4>) and background events Equation 

(^) can thus be written 

1 ... 

1^1 7VT(0)+Al(<^)-iV6g(0) 

where Abg{(t)) = asymmetry of 

the background. As shown in equation (||), only two pa¬ 
rameters are needed to correct for background processes: 
the background yield, Nbg{(j)) = -^hg(</>) + A^tlg(</>)j and its 
asymmetry, Abg{4>). As discussed earlier, the background 
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Mjj [GeV] (|) [rad] 


FIG. 2: ^ul'^ +p —> + h^ +X reaction as a func¬ 

tion of missing mass. The error bars represent the statistical 
uncertainties. 


yield in each bin was estimated from the normalized num¬ 
ber of TT~ events passing all the cuts applied to tt’*' events. 
Since the background originates from the smearing of 
events occurring at higher missing mass, the background 
asymmetry was estimated to be the asymmetry from the 
neighboring missing mass region where the contribution 
of exclusive tt'*" events is negligible. The sinc/i moment of 
the uncorrected asymmet^ in equation (H) with 

Nbg = 0) is shown in Fig. || as a function of Mx- All the 
other moments were found to be compatible with zero. 
In the missing mass region from 1.3 to 2.0 GeV, 
ranges between —0.05 and -1-0.05 with an average value 
of 0.019 ±0.014. This asymmetry is compatible with that 
measured for semi-inclusive tt’*' production There¬ 
fore the sin (/) moment of the background asymmetry has 
been taken conservatively to be 0 ± 0.1. It is impor¬ 
tant to stress that the exclusive asymmetry computed 
by means of equation (H) (i.e. after background correc¬ 
tion) is independent of the missing mass cut within the 
range 0.7 < Mx < 1.5 GeV, despite the fact that the 
signal-to-background ratio {Ne/N^g) goes from 20 to 0.8 
in the same interval. However, a missing mass cut has 
been applied to optimize the statistical accuracy. For a 
cut at high missing mass the statistical error on A{(j)) 
given by equation (^) is dominated by the statistics of 
the background sample. For a cut at low missing mass 
it is determined by the (reduced) number of exclusive 
events. The best statistical accuracy is obtained by re¬ 
quiring Mx < 1.05 GeV. For this cut, the inferred sig¬ 
nal to background ratio is about 6 and therefore, the re¬ 
sult depends only weakly on any systematic uncertainty 
of the background yield or its asymmetry. All the re¬ 
sults presented in this paper were obtained by requiring 
Mx < 1.05 GeV. 

The cross section asymmetry integrated over x, and 


FIG. 3: Gross section asymmetry A{(p) averaged over x, Q^, 
and t for the reaction -|- p —> e!^ ± n -1- tt"*". The curve is 
the best fit to the data by A{(j)) = • sin cj> with = 

—0.18 ± 0.05 at a reduced of 0.8. The error bars and 
bands represent the statistical and systematic uncertainties, 
respectively. 


t is shown in Fig. |[ The average values of the kinematic 
variables are (x) = 0.15, {Q^) = 2.2 GeV^ and (t) = 
—0.46 GeV^ (with 75% of the events occurring at |t| < 
0.5 GeV^). The data show a large asymmetry in the 
distribution versus azimuthal angle with a clear sin(j) 
dependence. A fit to this dependence of the form 

A{(j)) = -sin(j) (4) 

yields = —0.18 ± 0.05 ± 0.02 with a reduced of 
0.8. The background correction described above and its 
associated uncertainty account for —0.024 ± 0.011 (syst) 
in this value. A fit to A{(f)) using a more general function 
A{(j)) = asincj) + bsm2(j) + c cos <j) + d cos 2(j) yields values 
for b, c, and d that are compatible with zero, showing 
the dominant role of the sinfj) contribution. The results 
of this fit are listed in Table The band in Fig. |3| repre¬ 
sents the systematic uncertainty from background yield 
and asymmetry, and from target polarization. It has 
been shown by a Monte Carlo simulation of exclusive 
events that the momentum resolution of the HERMES 
spectrometer does not affect the magnitude of the mea¬ 
sured asymmetry over the kinematic range of the mea¬ 
surement, and that acceptance effects cancel in equation 



Current theoretical calculations 10, H, ^ for a trans¬ 
versely polarized target are in agreement with each other 
and predict a large asymmetry. The transverse compo¬ 
nent of the target polarization in the virtual photon frame 
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FIG. 4: Kinematic dependence of 41 ul'^ on the variables x, , and t for the reaction e'*' + p —> e'^ + n + tt’'". The error bars 
and bands represent the statistical and systematic uncertainties, respectively. The solid lines show the upper limits for any 
asymmetry arising from the transverse target polarization component. 


is given by 


= |S'|sin6l^ = \S\^ 


I 4M2a;2 

g2 + 


( 1 - 2 /- 




( 5 ) 


where 6^ is the virtual photon emission angle, E is the 
lepton beam energy and y = vjE is the fraction of the 
lepton’s energy carried off by the virtual photon. The 
average value of sinO^ for the present measurement is 
0.16. As discussed before, estimates for the asymmetry 
arising from the longitudinal component of the target 
polarization are not yet available. 

The dependence of on the individual kinematic 

variables x, Q^, and t is shown in Fig. ^ and reported in 
Table ||. The table shows that these three kinematic 
quantities are strongly correlated by the experimental 
conditions. The absolute magnitude of the asymmetry 
shows a clear rise with decreasing x. The values of the rel¬ 
ative transverse target polarization component ((sin0.y)) 
are given in Table ^ and shown with both signs by the 
two full lines in the first panel of Fig. indicating the 
limits for any asymmetry arising from that component. 
At low x the asymmetry must arise from the longitudi¬ 
nal target polarization component, independent of any 
model. No strong dependence is observed within the 
statistical accuracy. Finally, the asymmetry is seen to 
increase in absolute magnitude with —t and vanish in 
the forward limit [t —> tmin), where the pion momentum 
becomes collinear to the virtual photon momentum. 

In summary, a single-spin azimuthal asymmetry has 
been measured for the first time in the exclusive electro¬ 
production of mesons from a longitudinally polarized 
proton target. The measured asymmetry is large and 


a 

b 

c 

d 

-0.19 ±0.06 

0.05 ±0.05 

-0.03 ±0.05 

-0.03 ±0.05 


TABLE I: Results of the fit of A{(j)) (Fig. to the form 
A(((>) = a sin 4> -\-h sin 2(j> + c cos (j) + d cos 2ij). The reduced 
is 0.9. 


negative. The dependence of this asymmetry on the kine¬ 
matic variables x, and t has been investigated, and 
its magnitude is found to increase at low x and at large 
|t|. Further, the data show that the longitudinal tar¬ 
get polarization component with respect to the virtual 
photon direction provides the dominant contribution to 
the measured asymmetry at small x. A next-to-leading 
twist calculation would thus be required for a complete 
description of the measurement. The present data, in 
combination with future HERMES measurements on a 
transversely polarized target for which a large asym¬ 
metry is expected, opens the way to experimentally dis¬ 
entangle the asymmetry arising from the two target po¬ 
larization components. This information may provide a 
first glimpse of certain unknown Generalized Parton Dis¬ 
tributions. 
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(x> 

(0^) 

[GeV^] 

(sin 6.^) 

A Sin 0 

X 

0.05 


1.3 

0.06 

-0.40 ±0.16 ±0.02 

0.08 


1.6 

0.10 

-0.24 ±0.10 ±0.02 

0.16 


2.6 

0.16 

-0.10 ±0.07 ±0.01 

0.31 


3.6 

0.29 

-0.04 ±0.22 ±0.02 

0.47 


5.0 

0.36 

0.25 ±0.54 ±0.02 

[GeV=] 

1.5 

0.12 


0.15 

-0.20 ±0.07 ±0.02 

2.4 

0.17 


0.17 

-0.21 ±0.11 ±0.02 

3.4 

0.21 


0.17 

-0.13 ±0.14 ±0.01 

5.1 

0.26 


0.16 

-0.07 ±0.17 ±0.01 

7.9 

0.38 


0.19 

-0.13 ±0.51 ±0.01 

— t 

[GeV^] 

0.04 

0.11 

2.2 

0.11 

-0.04 ±0.08 ±0.01 

0.14 

0.13 

2.4 

0.13 

-0.18 ±0.13 ±0.02 

0.25 

0.14 

2.3 

0.14 

-0.31 ±0.15 ±0.02 

0.39 

0.16 

2.5 

0.16 

-0.33 ±0.14 ±0.02 

1.34 

0.24 

2.8 

0.24 

-0.20 ±0.12 ±0.02 


TABLE II: as a function of x, Q^, and t. 
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